. Biophysical and pharmacological data indicated that the Ca 2ϩ current is predominantly mediated by T-type (Ca v3.2) channels. The number of cells expressing T-type channels and Cav3.2 mRNA levels increased at the G1/S transition of the cell cycle. TTX had no effect on ES cell proliferation. However, blockade of T-type Ca 2ϩ currents with Ni 2ϩ induced a decrease in proliferation and alkaline phosphatase positive colonies as well as reduced expression of Oct3/4 and Nanog, all indicative of loss in self-renewal capacity. Decreased alkaline phosphatase and Oct3/4 expression were also observed in cells subjected to small interfering RNA-induced knockdown for T-type (Ca v3.2) Ca 2ϩ channels, thus partially recapitulating the pharmacological effects on self-renewal. These results indicate that Cav3.2 channel expression in ES cells is modulated along the cell cycle being induced at late G1 phase. They also suggest that these channels are involved in the maintenance of the undifferentiated state of mouse ES cells. We propose that Ca 2ϩ entry mediated by Ca v3.2 channels might be one of the intracellular signals that participate in the complex network responsible for ES cell self-renewal.
all the differentiated cell types that constitute the adult organism. It is known that propagation of ES cells in an undifferentiated state is governed by a complex interplay among a network of transcription factors, epigenetic processes, and intracellular messengers (35) . However, complete elucidation of the mechanisms controlling ES cells self-renewal and pluripotency has not yet been achieved.
ES cells are thought to be nonexcitable, although their electrophysiological properties have not been thoroughly investigated. Voltage-and ligand-gated ion channels are known to exist in ES cells. In this regard, hyperpolarization-activated inward currents, outwardly rectifying K ϩ currents, and GABAactivated chloride currents have been reported in mouse ES cells (1, 25, 49) . Moreover, voltage-dependent K ϩ currents can be also recorded from human ES and induced-pluripotent stem (iPS) cells (20) . However, voltage-gated Na ϩ and Ca 2ϩ channels, although essential for numerous cell functions, have not been studied in detail in ES cells.
Voltage-gated Ca 2ϩ channels are key players for regulated Ca 2ϩ influx in cells (3, 7) . Cytosolic Ca 2ϩ concentration is a highly versatile intracellular variable that regulates a broad variety of cellular processes, including some of early stages of development, proliferation, differentiation, and apoptosis (42, 51) . Ca 2ϩ transients are known to occur at the awakening of quiescence, at the G1/S transition, during S-phase, and at the exit from mitosis (2, 44) . In mouse ES cells Ca 2ϩ oscillations have also been shown peaking at G1/S transition (22) . There are two major classes of voltage-dependent Ca 2ϩ channels: high-voltage activated (HVA) channels, which include the L-, N-, P/Q-and R-subtypes, and low-voltage activated (LVA), or T-type, channels (19, 41) . In addition to their distinct voltage dependence of activation, T-type calcium channels also exhibit unique rapid inactivation and slow deactivation time course (41) . The T-type channel family comprise three subtypes, namely Ca v 3.1, Ca v 3.2, and Ca v 3.3, which can be distinguished, among other features, by their sensitivity to Ni 2ϩ (21, 26) . The implication of T-type Ca 2ϩ channels in mechanisms relevant for cell proliferation have been described in different tumor (for review see Ref. 40 ) and nontumor cells such as the single and two-cell mouse embryo (12) , vascular smooth muscle (24, 43) , newborn ventricular myocytes (17, 30) , newborn chromaffin cells (29) , preadipocytes (36) , and myoblasts (4) . Interestingly, in rat aortic smooth muscle cells T-type Ca 2ϩ currents have been shown to change along the cell cycle, because this activity was present only at the G1 and S phases (24) .
Altogether, these observations prompted us to evaluate whether ES cells express voltage-gated inward currents and, more specifically, if T-type Ca 2ϩ channels participate in the physiology of these highly proliferating cells. Particularly, we wanted to know whether T-type Ca 2ϩ channels contribute to the maintenance of undifferentiated state of ES cells, or, contrarily, induce differentiation. Herein we show that T-type Ca 2ϩ channels are functionally expressed in mouse ES cells and that cells expressing the Ca v 3.2 channel subtype are more abundant in the G1/S transition of the cell cycle. We also report by both pharmacological and small interfering RNA (siRNA) tools that Ca 2ϩ entry mediated by T-type channels could play a role in preserving self-renewal capacity in mouse ES cells. We discuss these results in the context of the physiological regulation of ES cell cycle.
MATERIALS AND METHODS
ES cell culture, differentiation, and synchronization. Four mouse ES cell lines were used: AINV15, D3, IB10, and R1. R1 mouse ES cells were cultured in the presence of 1,400 U/ml of LIF (Millipore, Temecula, CA) and expanded by periodical passage in coculture with 10 g/ml mitomycin C-inactivated (Roche Diagnostics) mouse embryonic fibroblasts to prevent differentiation (27) . AINV15 and D3 mouse ES cell lines were cultured and expanded as R1 line with minor modifications in media composition (32) . IB10 cells were cultured in medium with addition of buffalo rat liver cells-conditioned medium. R1 cells were used at passages 6, 7, 12, and 13. AINV15, D3, and IB10 cells were used at passages 22, 29, and 8, respectively. To block Ca 2ϩ entry and to chelate Ca 2ϩ in culture medium, nickel (II) chloride hexahydrate (NiCl·6H2O, Sigma-Aldrich) and EGTA (Sigma-Aldrich) were applied respectively on ES cell culture for 12, 24, or 48 h. To block Na ϩ channels tetrodotoxin (TTX, Sigma-Aldrich) was applied on ES cell culture for 12 h.
Cell-cycle synchronization in G1/S transition was performed in all ES cell lines studied as previously described (16) . Briefly, cells were sequentially treated with 2.5 mM thymidine (Sigma-Aldrich), washed with PBS, and treated with 0.5 mM mimosine (Sigma-Aldrich). At this point cells were dissociated and processed either for electrophysiological, cell cycle, and mRNA expression analysis. For electrophysiological study, cells were replated on mimosine-containing medium for preservation of G1 blockade. Alternatively to mimosine, hydroxyurea (Sigma-Aldrich) was also used.
For expansion, cell-cycle blockade and pharmacological as well as siRNA treatments cells were cultured at high density (40,000 -62,000 cells/cm 2 ) to minimize differentiation caused by low cell density. Cell density was maintained constant for each type of experiment.
Electrophysiology. Macroscopic Ca 2ϩ and Na ϩ currents were recorded using the whole cell configuration of the patch-clamp technique as adapted to our laboratory (13, 29) . ES cell cultures were dissociated with trypsin to single-cell suspension and replated in slivers on poly-L-lysine-coated coverslips for electrophysiological recording 1 to 4 h later. In these conditions mouse embryonic fibroblasts, present in a much smaller number than ES cells, were clearly distinguishable by their larger size. All experiments were conducted at room temperature (22-25°C). For whole cell patch recordings, the internal solution contained (in mM) 110 CsCl, 30 CsF, 10 EGTA, 10 HEPES, and 4 ATP-Mg; pH was adjusted with CsOH to 7.2 and osmolality was 285 mosM/kg. The standard bath solution contained (in mM) 140 NaCl, 9 BaCl 2, 1 CaCl2, 10 HEPES, and 10 glucose. pH was adjusted with NaOH to 7.4 and osmolality was 300 mosM/kg.
Cell cycle analysis. For analysis on DNA content, cells were fixed by 70% ethanol dropwise addition, rehydrated in PBS, and stained for propidium iodide with CycleTest PLUS DNA Reagent kit (Becton Dickinson, San Jose, CA). Fluorescence intensity was analyzed on a Cytomics flow cytometer (Beckman Coulter, Brea, CA). Data acquisition was performed using MXP software (Beckman Coulter), and the cell cycle pattern was analyzed with FlowJo software (Tree Star, Ashland, OR).
Immunofluorescence. For immunocytochemistry, cells were fixed with 4% paraformaldehyde/PBS for 20 min, washed in PBS, and then blocked for 1 h at room temperature with 10% normal donkey serum (NDS, Jackson ImmunoResearch Laboratories) and 1% of BSA (Sigma-Aldrich) in PBS. Next, cells were incubated with monoclonal mouse antibody against stage-specific embryonic antigen 1 (SSEA-1, 1/300, Developmental Studies Hybridoma Bank, University of Iowa) diluted in the blocking solution overnight at 4°C. Cells were washed the following day with 0.1% BSA-PBS, treated with permeabilization solution containing 0.1% Triton-10% NDS-1% BSA-PBS for 1 h at room temperature, and incubated with rabbit polyclonal Ca v3.2 antibody (1/50, gift from Dr. Farach-Carson) diluted in the permeabilization solution overnight at 4°C. Next, cells were washed with 0.1% BSA-PBS, incubated with FITC donkey anti-mouse IgM (Jackson ImmunoResearch Laboratories) and Alexa 568 donkey anti-rabbit IgG (Molecular Probes, Eugene, OR) secondary antibodies, both at 1/400 for 1 h at room temperature and washed. To visualize nuclei, cells were also stained with 4=-6-diamidino-2-phenylindole (DAPI, 1/1,000, SigmaAldrich). Fluorescence was detected with a confocal microscope (TCS SP2, Leica, Germany).
For flow cytometry, cultured cells were dissociated, washed in PBS, and resuspended without fixation in staining solution containing (for 50 ml): 44 ml of L15 medium, 100 U/ml penicillin-100 mg/ml streptomycin, 10 mM HEPES (all from GIBCO), 0.1 g BSA, and 2.5 mM EDTA (Sigma-Aldrich). Next, cells were incubated with SSEA-1 antibody (1/300) for 30 min at 4°C and washed and incubated with FITC donkey anti-mouse IgM (1/400) for 30 min at 4°C. After final wash, cells were resuspended in 2 mg/ml 7-amino-actinomycin (7-AAD, Molecular Probes) to eliminate dead cells from analyses as 7-AADϩ. Analyses were performed in a MoFlo three laser flowcytometer (DAKO Cytomation, Fort Collins, CO).
Alkaline phosphatase assay. Cells were fixed in 4% paraformaldehyde-PBS for 1-2 min, and staining for alkaline phosphatase was performed at room temperature using an Alkaline Phosphatase Detection Kit (Millipore) containing Naphtol/Fast Red Violet Solution as recommended by the manufacturer. Colonies were observed under an inverted microscope (IX-71, Olympus, Japan), and the ratios of undifferentiated versus total number of colonies were scored. Undifferentiated colonies were considered as those with intense alkaline phosphatase staining and defined and tight boundaries.
Gene-expression analysis. Total RNA was isolated from ES cells using Nucleospin RNA II (Macherey-Nagel) with additional RNA precipitation. RNA samples (2-5 g) were treated with DNase I (Invitrogen, Carlsbad, CA) and used to prepare first-strand cDNA using SuperScript II (Invitrogen). cDNA samples were subjected to conventional and real-time PCR amplification with specific primers. Real-time PCR was carried out using an ABI Prism 7500 Sequence Detection System (Applied-Biosystems, Foster City, CA) and SYBR Green PCR Master mix (Applied-Biosystems). In each sample 18S RNA levels were measured to normalize for RNA amounts and to perform relative quantifications. For both PCRs, analyses primers were designed using the Primer Express software (Applied-Biosystems). For conventional PCR the following primers were used for amplification of target mRNAs: Cacna1g (Cav3.1), forward 5=-TGGTGGTGGAGAACTTCCATA-3= and reverse 5=-GAAGCAATTACATCGTCCAACA-3=; Cacna1h (Cav3.2), forward 5=-CCGCTATCTGTCCAACGAC-3= and reverse 5=-TACCTTCT-TACGCCAACGG-3=; Cacna1i (Cav3.3), forward 5=-GTGCCTCGTT-GTCATAGCGAC-3= and reverse 5=-TGGCCTTGCGAAGGATGT-3=. For real-time PCR the following primers were used for amplification of target mRNAs: Cacna1g, forward 5=-TGCTGTGGAAATGGTG-GTGA-3= and reverse 5=-AGCATCCCAGCAATGACGAT-3=; Cacna1h, forward 5=-TGAGCATGGGTGTTGAGTATCAT-3= and reverse 5=-GGTGAACACGATGTTGCTTATCTC-3=; Cacna1i, forward 5=-GTGAACATCATGTATAATGGATTGGA-3= and reverse 5=-TGTGGTTTGTCACCGGCTG-3=; Pou5f1 (Oct3/4), forward 5=-TCACATCGCCAATCAGCTTG-3= and reverse 5=-GAACCATACTC-GAACCACATCCTT-3=; Nanog, forward 5=-ACCAGTGGTTGAA-GACTAGCAATG-3= and reverse 5=-CTGGTGCTGAGCCCTTCTG-3=; 18s, forward 5=-AACGAGACTCTGGCATGCTAACTA-3= and reverse 5=-GCCACTTGTCCCTCTAAGAAGT-3=.
RNA interference. Transient knockdowns of Ca v3.1 and Cav3.2 channels were performed with siRNAs obtained from Ambion (Austin, TX). The target mRNA sequences for the siRNAs were the following: Cacna1g, sense GGAAGAUCGUAGAUAGCAAtt and antisense UUGCUAUCUACGAUCUUCCgg; Cacn1h, sense GGGCUUCCUUUAGUAGCAAtt and antisense UUGCUACUAAAGGAAGCCCag; sequence of scramble negative control siRNA was not provided. Optimization of ES cells transfection conditions was carried out by cells transfection with a cytomegalovirus-green fluorescent protein (GFP)-expressing plasmid and subsequent flow cytometry analysis of GFP-positive cells. The best results were obtained by cells transfection 6 h postplating at high cell density (62,000 cells/cm 2 ). GFP expression level reached a maximum at 2 days posttransfection (57% of GFPϩ cells). ES cells were transfected with 20 or 40 nM of the siRNA duplex using RNAimax lipofectamine (Invitrogen) with previous conditions. siRNA-lipofectamine complexes were prepared in Opti-MEM I reduced-serum medium (GIBCO, Gaithersburg, MD). Cells were treated with siRNA-lipofectamine complexes, and 5 h later complexes were diluted twice with antibiotic-free medium and cultured for 2 days before RNA interference effects were evaluated. Knockdown results were obtained comparing Ca v3.1 and Cav3.2 siRNA treatment with the corresponding dose of scramble negative control.
Estimation of Ca 2ϩ -buffering capacity of the ES cell culture medium. To evaluate the divalent cation buffering capacity of the ES cells culture medium, which could provide some evidence on the chelation of Ni 2ϩ by the same medium, we used a calcium electrode (Orion Calcium Electrode, Thermo). We added 1 mM Ca 2ϩ to the standard solution provided by the manufacturer, which had an osmolality of 150 mosmol/kg. In these conditions the response of the electrode was lineal to added Ca 2ϩ in the range between 0 and 300 M. The ES cell culture medium, diluted to one-half to reach an osmolality similar to that of the standard solution, had an estimated free Ca 2ϩ concentration ϳ1 mM. In these conditions the electrode was unresponsive to added calcium between 0 and 75 M and only started to measure free added calcium with a lineal curve similar to the one observed with the standard solution, after adding Ca 2ϩ at concentrations higher than 100 M. These measurements indicate that even half-diluted ES cell culture medium, containing fetal bovine serum and other agents, has a clearly manifested capacity to chelate Ca 2ϩ and possibly other divalent cations. Statistical analysis. Values are given as means Ϯ SE. The statistical significance of differences was analyzed using unpaired Student's t-test with SigmaStat software.
RESULTS

Inward Na
ϩ and Ca 2ϩ currents in mouse ES cells. Most of our experiments were performed on R1 mouse ES cells. This preparation was composed mainly of undifferentiated cells since ϳ90% of them expressed SSEA-1 as analyzed by flow cytometry (Fig. 1A) . We focused on the characterization of inward voltage-dependent ionic currents in ES cells. To this end, ES cells were dialyzed with Cs ϩ as an ion for substitution of K ϩ (13, 29) , which abolishes outward voltage-gated K ϩ currents described in these cells (13, 29) . We have distinguished four subpopulations of R1 ES cells subjected to whole cell patch clamp (step depolarization to ϩ20 mV followed by repolarization to Ϫ70 mV), according to the characteristics of the inward currents that they exhibited (see Fig. 1B , which at this concentration selectively blocks T-type (␣ 1H ) Ca 2ϩ channels (26) (Fig. 1C, top) . Note that no effect was observed on the Na ϩ current. In cells expressing Na ϩ channels, the fast sodium current was reversibly blocked by 200 nM TTX, a well-known specific Na ϩ channel blocker (Fig. 1C, bottom) .
The identification of Ca 2ϩ currents in mouse ES cells as T-type was confirmed by their rapid inactivation, a distinct feature of LVA against HVA Ca 2ϩ channels (41) . Figure 2 , A and B, shows representative examples of the deactivating Ca 2ϩ currents recorded in R1 mouse ES cells upon repolarization to Ϫ70 mV after a depolarizing pulse to ϩ20 mV lasting either 5 ms (short pulse) or 50 ms (long pulse). The recordings clearly indicate that the component of the tail current present at the end of 5 ms pulse disappeared almost completely at the end of the 50-ms pulse, suggesting inactivation of the T-type channels during the maintained depolarization. This test was performed in every cell exhibiting Ca 2ϩ current. A slow component in the deactivation, or closing, tail current (indicated by arrow in Fig.  2C , left) was consistently observed, further suggesting the presence of a population of T-type Ca 2ϩ channels that are known to close about ϳ10 -20 times more slowly than either Na ϩ or HVA Ca 2ϩ channels (13, 31) . To further characterize the calcium tail currents evoked upon repolarization, we estimated the closing time constant () by fitting an exponential function to the deactivating segment of the current (Fig. 2C,  right) . The deactivating currents were well fitted by a single exponential function with a time constant that at Ϫ70 mV averaged 1.46 Ϯ 0.11 ms (see Table 1 ). This deactivation time constant is similar to that reported for native and recombinant T channels of the Ca v 3.2 subtype expressing the ␣ 1H subunit (13, 31) . T-type Ca 2ϩ currents of similar kinetics were recorded in R1 ES cells at earlier passage as well as in other mouse ES cell lines (Table 2 ; see also below). These observations suggest that mouse ES cells posses a significant population of voltage-dependent Na ϩ and Ca 2ϩ channels. The Ca 2ϩ current shows typical kinetics of fast inactivating and slowly deactivating T-type channels. The data also indicate that the Ca 2ϩ channels present in mouse ES cells predominantly belong to the Ca v 3.2 subtype.
Ca v 3.2 T-type Ca 2ϩ channels are induced at G1/S transition in mouse ES cells.
Pharmacological blockade of the cell cycle was used to study whether T-type Ca 2ϩ channel expression is modified during ES cell cycle and whether they are preferentially expressed in cells at G1/S transition (24) . We used a double blocking strategy consisting in arresting cells at G2/M phase by thymidine application followed by mimosine treatment to arrest them at late G1 phase (16, 50) . Mimosine has been described as a cell cycle blocker arresting cells just at the very end of G1 phase, since DNA replication occurs within 15 min of releasing cells from the mimosine block (23) . This manipulation of the cell cycle rendered an accumulation of cells in G1/S transition observed by an increase of cells in G1 channel expression along the cell cycle are shown in Fig. 3B . In G1-synchronized cultures the proportion of cells without Ca 2ϩ channels was lower than in asynchronous cells (27% vs. 53%, respectively). Correspondingly, the proportion of cells presenting Ca 2ϩ currents was higher in G1-arrested condition than in the asynchronous one (73% vs. 47%, respectively). Despite the increase in the number of G1-arrested cells expressing Ca 2ϩ channels, no changes were observed either in cell size (estimated by measuring cell capacitance) or in calcium current density. The time constant of T-type current deactivation was also unaltered (see Table 1 ).
To check whether the increase in number of cells with Ca 2ϩ channels was a cell cycle-related event or rather an artifactual phenomenon caused by mimosine acting directly on the channels, we synchronized the cells in G1/S transition using hydroxyurea, another G1-arresting agent, instead of mimosine. In this condition, a similar profile of change in proportions of cells with and without Ca 2ϩ channels was obtained (data not shown).
As a test of the undifferentiated state of the cells during cell cycle arrest, expression of markers of ES cell pluripotency, Oct3/4, and Nanog was examined by real-time PCR on asynchronous and G1-synchronized cells. Oct3/4 and Nanog mRNA levels increased, 11 and 14%, respectively, in G1-synchronized cells but we can think of this slight induction as a transient change in gene expression along cell cycle progression (data not shown). Mimosine-induced G1 blockade was fully reversible and after washing out the drug the normal cell cycle profile of asynchronous cells was reestablished in G1-arrested cells after an 8-h culture period (data not shown), as it was previously observed (23) .
The molecular nature of the T-type channel class expressed in ES cells as well as its regulation during cell cycle were further analyzed by conventional and real-time PCR. In asynchronous cells we amplified mRNA of the three T-type channels subtypes (Fig. 3C) . Their relative expression levels estimated on real-time PCR data were 0.63 Ϯ 0.05, 0.36 Ϯ 0.05, and 0.01 Ϯ 0.01 (n ϭ 4) for Ca v 3.1, Ca v 3.2, and Ca v 3.3, respectively. In G1-arrested cells, Ca v 3.2 mRNA levels increased significantly (ϳ1.7-fold), but the expression of the other two channel types remained unchanged (Fig. 3D) . These results suggest that although both Ca v 3.1 and Ca v 3.2 mRNAs appear to be abundant in mouse ES cells, the Ca v 3.2 subtype is the predominant channel contributing to the T-type Ca 2ϩ current. Molecular and biophysical data indicate that this channel class is selectively upregulated at the G1/S transition of the cell cycle. Localization of Ca v 3.2 channel in the plasma membrane was observed by immunocitochemistry in SSEA-1-positive R1 ES cells (Fig. 4) .
To ascertain whether the presence of T-type Ca 2ϩ channels is a general property of ES cells, we recorded ionic currents from several ES cell lines growing in asynchronous state. A representative example is shown in Fig. 5A . Although the percentage of cells presenting Ca 2ϩ channels varied in the different ES lines studied (AINV15, D3, and IB10), they all seemed to have electrophysiologically similar T-type Ca 2ϩ currents ( Table 2 ). The deactivation time constant characteris- (Table 2) . We also studied T-type Ca 2ϩ channel mRNA expression in AINV15, D3, and IB10 cells. As in R1 cells (see Fig. 3C ), the three Ca v 3 channel types were detected in these ES lines (Fig. 5B) . Quite interestingly, the relative expression levels of the various Ca v 3 channel types were almost the same as those described above for R1 cells. Relative expression levels for Cav3.1, Cav 3.2, and Cav. channels after cell cycle arrest at G1/S transition was also studied in AINV15, D3, and IB10 cells. Cell cycle blockade was performed using the same protocol as for R1 cells (data not shown). Analysis of the two most abundant channels (Ca v 3.1 and Ca v 3.2.) indicated that, as in R1 cells, synchronization of the three ES lines resulted in selective increase in mRNA expression of Ca v 3.2 channels (Fig. 5C) application (300 M) and EGTA addition caused significant decreases in cell number (Fig. 6A) . To precisely evaluate the proliferation effect of Ni 2ϩ and EGTA, the cell cycle pattern was analyzed by propidium iodide staining followed by flow cytometry (Fig. 6B) . We observed that Ni 2ϩ at 150 and 300 M caused a significant decrease of cells in the S phase, suggesting a decrease in the proliferation rate, and a small, but significant, increase of cells in sub-G1 phase, probably indicative of an apoptotic process. No change was found in the percentage of cells in the G1 phase at the Ni 2ϩ concentrations chelation. The magnitude of changes provoked by exposure to Ni 2ϩ and Ca 2ϩ chelation on cell proliferation increased when the treatment was expanded from 12 h to 24 or 48 h, possibly due to prolonged differentiation and cell death (Fig. 6A) . Since we observed an increased presence of Na ϩ channels in G1/S synchronized cells (see Table 1 ), we studied the effect of Na ϩ channel blockade (TTX was applied at 200 and 500 nM during 12 h) on proliferation. No significant changes were observed in any of the phases of the cell cycle, thus suggesting that Na ϩ channels do not significantly participate in cell proliferation (data not shown).
Self-renewal of Ni 2ϩ -and EGTA-treated ES cells in the 12-h time point was evaluated by alkaline phosphatase activity assay and real-time PCR of pluripotency marker genes Oct3/4 and Nanog. Ni 2ϩ application (at 150 and 300 M) caused significant decreases in the number of alkaline phosphatasepositive undifferentiated colonies (Fig. 6C ). EGTA had a stronger effect and led to almost abolishment of the presence of undifferentiated colonies. Similarly, mRNA levels of Oct3/4 and Nanog were downregulated by Ni 2ϩ (at 150 and 300 M), as well as by EGTA treatment (Fig. 6D) . Taken together, these results suggest that blockade of T-type Ca 2ϩ channels decreases proliferation and self-renewal of mouse ES cells.
RNA interference of Ca v 3.2 channels induce ES cell differentiation.
To assess specifically the role of T-type Ca 2ϩ channels on ES self-renewal an RNA interference assay was performed with siRNA expression plasmids for Ca v 3.1 and Ca v 3.2, the most abundantly expressed T-type Ca 2ϩ channels in ES cells. Interference efficiency was tested by real-time PCR of the target gene in cells transfected with scramble negative control, Ca v 3.1, and Ca v 3.2 siRNAs (Fig. 7A ). After transfection with siRNA for Ca v 3.1 at 40 nM, mRNA level of the target gene was reduced to 25%, whereas Ca v 3.2 mRNA levels were nonspecifically decreased to 75% of control values. Meanwhile, siRNA for Ca v 3.2 at 20 and 40 nM reduced expression levels of the target gene to 43% and 40%, respectively. Ca v 3.2 siRNA treatment also caused a nonspecific decrease in mRNA levels of Ca v 3.1 channels. Downregulation of Ca v 3.1 and Ca v 3.2 mRNA caused no signifi- (Fig. 7B) . Expression levels of ES cell markers were reduced significantly for Oct3/4 but not for Nanog in cells transfected with 20 nM Ca v 3.2 siRNA (Fig. 7C ). Slight decreases in both genes were found in cells treated with 40 nM Ca v 3.1 siRNA, but none of them reached significance. These results support the view that T-type current attributed to Ca v 3.2 channels is participating in the mechanism responsible of maintenance of mouse ES cells self-renewal.
DISCUSSION
The electrophysiological properties of ES cells are poorly defined, hence, this report aimed at the characterization of the inward currents present in these cells. Membrane ion channels play fundamental roles in a myriad of cellular processes, including proliferation and differentiation. We have found that several lines of undifferentiated mouse ES cells have voltagedependent Ca 2ϩ and/or Na ϩ currents. Molecular and electrophysiological evidence indicate that the Ca 2ϩ currents are almost exclusively mediated by LVA or T-type Ca 2ϩ channels. We show that T-type channels are modulated along cell cycle progression and contribute to maintenance of ES cells selfrenewal. ES cell self-renewal, which is widely defined as promotion of proliferation accompanied by suppression of differentiation (5, 47) , is required in order that pluripotency is retained. Detailed characterization of the signaling pathways operating in self-renewal and pluripotency will contribute to exploit the full potential of ES cells.
ES cells are known to express outward K ϩ currents and hyperpolarization-activated inward currents (49) , but to our knowledge, this is the first report where functional voltagegated Ca 2ϩ and Na ϩ channels were recorded in these cells. In a recent paper (46) , mRNA of various Ca 2ϩ channel classes (L, N, R, and T) were amplified by PCR from preparations of mouse ES cells; however, whether these mRNAs are translated to functional channels was not analyzed. In the current study, we have shown that among the various classes of HVA or LVA Ca 2ϩ channels, only T-type channels are indeed functional in the mouse ES cell lines studied. The deactivation time course and sensitivity to Ni 2ϩ suggest that of the three T-type mRNA species amplified by PCR, Ca v 3.2 channels (␣ 1H subunit) are the main contributors to the Ca 2ϩ current in mouse ES cells (21, 26, 31) . We also found several electrophysiologically distinct subpopulations of undifferentiated ES cells depending on whether they express Na ϩ channels, Ca 2ϩ channels, both, or none of them. Although the functional role of the Na ϩ currents was not studied in detail, Ca 2ϩ channel function seems to be associated with maintenance of proliferation and undifferentiated state of the cells.
Blockade of T-type Ca 2ϩ channel with Ni 2ϩ (at 150 and 300 M) during 12 h was sufficient to decrease proliferation rate and provoke a substantial loss in R1 ES cells self-renewal, observed as reduction in the percentage of undifferentiated colonies, and decreased expression of pluripotency markers Oct3/4 and Nanog. Ni 2ϩ application induced moderate de- (45, 52) . On the other hand, increase in sub-G1 fractions at 150 and 300 M Ni 2ϩ could be indicative of apoptotic cell death, an event also associated to blastocyst development and LIF withdrawal-induced mouse ES cell differentiation (10, 15, 33, 39) . Alternatively, apoptosis could be caused by toxicity induced by Ni 2ϩ exposure (6) . It is important to note that the differentiation effect induced by Ni 2ϩ was only clearly observed at concentrations an order of magnitude higher than those required to selectively block recombinant Ca v 3.2 channels (IC 50 ϳ5-10 M) (21) . It is therefore possible that native Ca v 3.2 channels expressed in ES cells have lower apparent affinity for Ni 2ϩ than the heterologously expressed channels. An additional circumstance that could explain the relatively high Ni 2ϩ concentrations required to alter ES cell self-renewal is that free Ni 2ϩ concentration could be less than the presumed nominal value due to divalent cation chelation by components (such as fetal bovine serum) of the ES cell culture medium. Indeed, a powerful Ca 2ϩ -chelating capacity of the culture medium was observed (see MATERIALS AND METHODS).
In accord with the pharmacological data, Ca v 3.2 siRNA treatment induced a modest, but statistically significant, loss of self-renewal observed as a decrease in the percentage of undifferentiated colonies and Oct3/4 mRNA expression level. Because of the lower changes in the undifferentiated state, the proliferation capacity of ES cells remained unchanged. The relatively moderate effect of Ca v 3.2 knockdown on ES selfrenewal compared with Ni 2ϩ application can be explained by the limited efficiency of siRNA to inhibit the Ca v 3.2 transcript (60% reduction of mRNA expression). It is also noteworthy that in parallel experiments Ca v 3.1 knockdown did not cause any significant change on the self-renewal parameters of ES cells.
The most plausible role of T-type Ca 2ϩ channels in ES cells is to regulate transmembrane Ca 2ϩ influx, which could, in turn, influence the expression of the gene program, or signaling pathways necessary for proliferation and self-renewal. The particular biophysical features of T-type Ca 2ϩ channels allow them to open at membrane potentials slightly more negative than those at which they fully inactivate. In a membrane potential range near the cell resting potential there is a small percentage of channels that are not inactivated and can mediate small sustained inward Ca 2ϩ currents ("window currents") (9, 11) . Therefore, in ES cells T-type Ca 2ϩ channels could translate subtle changes in membrane potential into modifications of transmembrane Ca 2ϩ influx and increase of cytosolic Ca 2ϩ concentration. Indeed, it is known that membrane potential is a critical factor for cell cycling as blockade of K ϩ channel activity leads to membrane depolarization, arrest in early G1, and decreased proliferation rate in different cell types, including mouse ES cells and human iPS cells (20, 34, 38, 49, (53) (54) (55) . The role of intracellular Ca 2ϩ oscillations at the G1/S transition and proliferation has been highlighted in mouse ES cells (22) . This last study reported that extracellular Ca 2ϩ does not seem necessary for instauration of Ca 2ϩ oscillations but for the maintenance of their amplitude, since oscillation was triggered by release of Ca 2ϩ from endoplasmic reticulum in an inositol 1,4,5-trisphosphate-mediated mode. We have observed that Ca v 3.2 channels are upregulated at the G1/S transition, therefore, it is likely that Ca 2ϩ influx mediated by T-type channels influence the amplitude of intracellular Ca 2ϩ oscillations as cells progress from G1 to S phase. This can be particularly important for cell cycle regulation since it has been proven that the amplitude and duration of Ca 2ϩ signals determine the activation of specific transcriptional pathways (14) .
Mouse ES cells are characterized by extraordinarily rapid proliferation rate, primarily owing to a reduction in the duration of G1 phase of the cell cycle. Defining features of G1 phase in ES cells are constitutive cyclinE-CDK2 activity and hyperphosphorylated retinoblastoma protein (37). Increased intracellular Ca 2ϩ level has been demonstrated to oscillate at different time points of the cell cycle including the G1/S transition (2, 44) . Different signaling pathways could involve T-type Ca 2ϩ channels as plausible cell cycle regulators in ES cells at G1/S transition. T-type Ca 2ϩ currents have been shown mediating phenotype switching of nonproliferative to proliferative smooth muscle cells, and calmodulin, an intracellular calcium receptor, has been shown to participate in this transition (18) . Calmodulin has also been demonstrated to facilitate G1/S transition in vascular smooth muscle cells via binding to cyclinE and possibly activating CDK2 (8) . A different pathway would involve calmodulin as an inducer of retinoblastoma protein phosphorylation (48) . Either by modulating constitutive cyclinE-CDK2 activity or by maintaining retinoblastoma hyperphosphorylation T-type Ca 2ϩ channels activity could facilitate the transition from G1 to S phase in ES cells.
In conclusion, we show a novel feature of ES cells, which is the presence of Na ϩ and T-type Ca 2ϩ currents, the last ones mediated by Ca v 3.2 channels upregulated in the G1/S transition of the cell cycle. These channels seem to participate in the maintenance of the undifferentiated state of mouse ES cells. Taking into account that hypoxia induces Ca v 3.2 channels in cultured cells (13) , it would be interesting to test whether the effect described here operates also in human ES and iPS cells considering that hypoxia maintains pluripotency of human ES cells and improves efficiency of adult cell reprogramming (28, 56) . Further studies on the mechanisms linking ion channel activity, cell cycle regulation, and transcriptional networks may improve our understanding of ES cells self-renewal and pluripotency.
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